In the developing neocortex, pyramidal neurons use molecular cues to form axonal arbors selectively in the correct layers. Despite the utility of mice for molecular and genetic studies, little work has been done on the development of layer-specific axonal arborizations of pyramidal neurons in mice. We intracellularly labeled and reconstructed the axons of layer 2/3 and layer 5 pyramidal neurons in slices of primary somatosensory cortex from C57Bl6 mice on postnatal days 7-21. For all neurons studied, the development of the axonal arborizations in mice follows a pattern similar to that seen in other species; laminar specificity of the earliest axonal branches is similar to that of mature animals. At P7, pyramidal neurons are very simple, having only a main descending axon and few primary branches. Between P7 and P10, there is a large increase in the total number of axonal branches, and axons continue to increase in complexity and total length from P10 to P21. Unlike observations in ferrets, cats, and monkeys, two types of layer 2/3 pyramidal neurons are present in both mature and developing mice; cells in superficial layer 2/3 lack axonal arbors in layer 4, and cells close to the layer 4 border have substantial axonal arbors within layer 4. We also describe axonal and dendritic arborization patterns of three pyramidal cell types in layer 5. The axons of talltufted layer 5 pyramidal neurons arborize almost exclusively within deep layers while tall-simple, and short layer 5 pyramidal neurons also project axons to superficial layers. J. Comp. Neurol. 494:398 -414, 2006. © 2005 Wiley-Liss, Inc.
Information processing in the mammalian neocortex requires precise connectivity of the underlying neural circuits. Laminar specificity of axonal arbors is believed to be an important factor contributing to the specificity of cortical connections (Gilbert, 1983; Martin, 1984; Lund, 1988; Burkhalter, 1989; Callaway, 1998a) . During development, laminar specificity of the local axons of pyramidal neurons emerges precisely from the onset, with axonal arbors forming in the correct layers and avoiding the incorrect layers (Lund et al., 1977; Katz and Callaway, 1992; Burkhalter et al., 1993; Callaway and Lieber, 1996; Katz and Shatz, 1996; Callaway, 1998a; Borrell and Callaway, 2002) . For example, pyramidal neurons in layer 2/3 and layer 5 preferentially branch in layer 2/3 and layer 5, while avoiding layer 4, and pyramidal neurons in layer 6 preferentially branch in layer 6 and superficial layers, while avoiding layer 5. These local layer-specific branching patterns can also develop in a slice culture in vitro to mimic the correct in vivo pattern (Bolz et al., , 1996 Dantzker and Callaway, 1998; Butler et al., 2001; Borrell and Callaway, 2002) . In addition to the local axonal arbors, both thalamocortical axonal projections and corticocortical axonal projections can also arborize in their cor-rect target layers in slice culture in vitro (Yamamoto et al., 1989 (Yamamoto et al., , 1992 (Yamamoto et al., , 1997 Bolz et al., 1990 Bolz et al., , 1992 Gotz et al., 1992; Annis et al., 1993; Novak and Bolz, 1993; Hubener et al., 1995; Skaliora et al., 2000) . These observations suggest that molecular mechanisms are involved in the initial establishment of the layer-specific connections and that patterned neuronal activity is not instructive for the initial development of these projections.
With the molecular genetics available in transgenic mice, it will be possible to direct gene expression to specific cell types and to identify, characterize, and manipulate molecules that play a role in the establishment of the laminar-specific axonal arborizations. However, to date, very little work has been done on the normal development or the adult patterns of the layer-specific axonal arborization of pyramidal neurons in mice. The few studies that have been performed infer the normal development of the laminar-specific arbors based on bulk injections of biocytin into cortex (Bernardo et al., 1990; McCasland et al., 1992; Rhoades et al., 1996; Miller et al., 2001; Dagnew et al., 2003) . To use transgenic mice to identify the role of specific molecules, we have to first determine the mature specificity and the developmental timeline of the layer-specific connections from individual neurons in this species.
The development of the mouse cortex occurs over a shorter time period than in ferrets, cats, and monkeys, suggesting that some developmental processes might be unique to mouse (Angevine and Sidman, 1961; Caviness, 1982; Micheva and Beaulieu, 1996; De Felipe et al., 1997; Polleux et al., 1997; Takahashi et al., 1999; Levers et al., 2001 ). For example, there could be greater temporal overlap in the generation of cell types with different laminar fates, or some cells might start to grow axons before layer specific markers are expressed; this is suggested by the informal observation that some mouse layer 2/3 pyramidal neurons make more axonal branches in layer 4 than is observed in other species (Yabuta et al., 2000) .
We have individually labeled and reconstructed pyramidal neurons in layer 2/3 and layer 5 from primary somatosensory cortex in C57BL6 mice aged postnatal day 7 (P7) to postnatal day 21 (P21). The laminar specificities of axonal and dendritic arbors from these cells have been analyzed. We find that for each of the pyramidal cell types studied, axonal arbors develop correctly from the onset. However, we also find a subset of mature pyramidal neurons with arborization patterns distinct from those described in previous reports on other species. Most notably, we describe a pyramidal cell type in layer 2/3 located close to the border with layer 4 with substantial axonal arbors in layer 4, unlike typical layer 2/3 pyramids. We also find that layer 5 pyramidal neurons can be divided into at least three types: tall-tufted, tall-simple, and short, rather than just two types that are typically described: tall and short. Each of these three layer 5 pyramidal cell types has a unique pattern of axonal and dendritic arborization. As described previously, dendritic arborizations distinguish tall from short pyramids. We further separate tall layer 5 pyramidal neurons into tall-tufted cells that project axons only in deep layers and tall-simple pyramidal neurons that also project axons to superficial layers.
MATERIALS AND METHODS
Cortical slices C57BL6 mice were obtained from Harlan and kept on a 12 hours light/dark cycle. All animals were treated in accordance with institutional and NIH Guidelines for the Care and Use of Laboratory Animals. Mice were deeply anesthetized with Nembutal (100 mg/kg i.p.) and decapitated. Brains were removed and submerged in ice-cold artificial cerebral spinal fluid (ACSF; in mM: 125 NaCl, 5 KCl, 2.5 CaCl 2 , 1.3 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 10 glucose, 1 kynurenic acid, saturated with 95% O 2 and 5% CO 2 ). The brain was cut along the midline to separate the two hemispheres, and then the diencephalon was removed to leave a shell of the overlaying cortex. The anterior and posterior poles of the cortex were cut off, leaving somatosensory cortex intact within the block of tissue. The block of cortex was then placed on a bed of agar, and 400-mthick slices were made with a tissue slicer (Katz, 1987) at approximately 30°relative to the sagittal plane and perpendicular to the pia surface. The slices were maintained over ACSF in a humidified, oxygenated interface chamber heated to 34°C.
Intracellular biocytin fills
Slices were submerged in a recording chamber in oxygenated ACSF maintained at room temperature. Wholecell recordings were made in current clamp mode using patch electrodes filled with intracellular solution (in mM: 130 potassium gluconate, 10 EGTA, 2 MgCl 2 , 0.5 CaCl 2 , 10 HEPES, 2.54 sodium ATP), and neurons were labeled by iontophoresis with biocytin (2%). We targeted areas in live slices where we could visualize barrels with DIC optics. Positions of cells in barrel cortex were later verified (see below). After neuronal labeling, the slices were placed back in the interface chamber and allowed to recover for 1-2 hours to reduce the background from any spilled biocytin. The slices were then fixed with 2.5% paraformaldehyde, 4% sucrose in 0.1 M phosphate buffer, pH 7.4, overnight at 4°C.
Immunohistochemistry
After fixation, slices were cryoprotected in 30% sucrose and then freeze-thawed. The slices were incubated in blocking solution (10% normal goat serum, 2% bovine serum albumin, 0.25% Triton-X 100, 0.1 M phosphate buffer) for 2 hours. Slices were then incubated in streptavidin-Cy3 (1: 1,000; Jackson Immunoresearch, West Grove, PA) in blocking solution for 4 hours. After staining, the slices were counterstained with DAPI (10 M; Sigma, St. Louis, MO) to allow for the determination of laminar and areal borders. Slices were then mounted onto subbed slides, dehydrated, and coverslipped with Krystalon mounting medium (Fisher, Fair Lawn, NJ). The typical labeling quality of neurons is illustrated in Figure 1 .
Data analysis and figure preparation
Neurons were reconstructed by using a Nikon fluorescence microscope in concert with a Neurolucida computerized reconstruction system (MicroBrightField, Colchester VT). First, low-power (10ϫ objective, 0.5 NA) maps were drawn of each selected slice. Maps included locations of the cell bodies of all labeled cells, laminar borders, and borders of barrel cortex, identified by the presence of cell dense barrel septa visualized via DAPI counterstain. The axonal and dendritic arbors of selected cells located in barrel cortex were then reconstructed at higher power (60ϫ oil immersion objective, 1.4 NA) without knowledge of cortical layers. Cells located close to the surface of the slice in which large numbers of either the axons or the dendrites were missing, evidenced by cut ends, especially when cut off close to the main descending axon, were not included in the analysis. After completion, the neuronal reconstructions were placed into the map file for analysis. Each neuron was analyzed for the number of axonal and dendritic branch points per layer and the total distance of axonal and dendritic arbor length per layer by using custom-designed MatLab-based programs. All distance measurements were made in the Neurolucida software package or obtained in the analysis portion of the NeuroExplorer software package. No correction for shrinkage of the tissue was taken into account for distance measurements. For the analysis, layer 1 is included with layer 2/3, because the layer 1/2 border varies with depth. The determinations of the laminar identification for the apical dendritic tuft of layer 5 neurons included layer 1.
To assess possible differences in functional connectivity for type II layer 2/3 pyramidal neurons (see Results), synaptic boutons were counted along 500 -600 m of axon located in layer 2/3 and layer 4 from three cells. Boutons were easily recognized with a 60ϫ objective (oil immersion objective, 1.4 NA). The axonal length measurements and counts of boutons were made in the NeuroExplorer software package to give density of boutons per unit of axon length.
In total, 70 layer 2/3 pyramidal neurons and 64 layer 5 pyramidal neurons were reconstructed. The breakdown of ages and cell types (see Results for complete descriptions of classifications) is as follows (see also Tables 1, 2): for layer 2/3 type I pyramidal neurons: P7, n ϭ 10; P10, n ϭ 8; P14/15, n ϭ 8, P21/22, n ϭ 9; for layer 2/3 type II pyramidal neurons: P7, n ϭ 9; P10, n ϭ 9; P14/15, n ϭ 7; P21/22, n ϭ 10; for layer 5 tall-tufted pyramidal neurons: P7, n ϭ 7; P10, n ϭ 6; P14/15, n ϭ 5; P21/22, n ϭ 6; for layer 5 tall-simple pyramidal neurons: P7, n ϭ 1; P10, n ϭ 5; P14/15, n ϭ 5; P21/22, n ϭ 3; for layer 5 short pyramidal neurons: P7, n ϭ 7; P10, n ϭ 5; P14/15, n ϭ 8; P21/22, n ϭ 6. Figure 1 was prepared by importing images from software provided with Optronics MicroFire camera (Optronics, Goleta, CA) into Adobe Photoshop and subsequently into Adobe Illustrator. Minimal alterations were made in the brightness and contrast of these images.
RESULTS

Overview of general developmental sequence
The development of axonal arbors of pyramidal neurons in mice follows the same overall pattern that has been observed in other species examined. We also observed a similar developmental timeline for both layer 2/3 and layer 5 pyramidal neurons. At the earliest age examined (P7), the axons of pyramidal neurons are very simple, including only the main descending axon and a small number of primary branches, which can be seen both in the quantification of the number of axonal branches (Fig.  2 ) and in the reconstructions of individual neurons . The numbers of primary axonal branches are already close to adult levels at P7 and change very little after P7 (Fig. 2) . Between P7 and P10, however, there is a rapid increase in the complexity of the pyramidal neurons. For layer 2/3 pyramidal neurons, the total number of axonal branches per cell more than doubles between P7 and P10 (from 30.0 Ϯ 3.2 to 78.9 Ϯ 3.3 branches per cell; mean Ϯ SEM, P Ͻ 0.001, t-test), and it nearly doubles for layer 5 pyramidal neurons (from 39.1 Ϯ 3.9 to 70.3 Ϯ 6.3 branches per cell; mean Ϯ SEM, P Ͻ 0.001, t-test; Fig. 2 ). These changes in numbers of axonal branches are paralleled by comparable changes in the total axonal length per cell (Fig. 2) . Total axon length per cell increases from 6.46 mm Ϯ 0.49 at P7 to 12.54 mm Ϯ 0.64 at P10 for layer 2/3 pyramids (P Ͻ 0.001, t-test) and from 9.02 mm Ϯ 0.94 at P7 to 11.81 mm Ϯ 1.15 at P10 for layer 5 pyramids (P ϭ 0.07, t-test; mean Ϯ SEM). From P10 through P22, layer 2/3 pyramidal neurons continue to have more modest increases in both their total axon length and the total numbers of axonal branches (Fig. 2) . During this same time period, total axonal branches do not change for layer 5 pyramidal neurons, but total axonal length does continue to increase (Fig. 2) .
Dendritic development also follows a timeline similar to that of axonal development. For layer 2/3 pyramidal neurons (Table 1) , there is a modest increase in the number of apical dendritic branches occurring between P7 and P10 (from 18.79 Ϯ 2.05 to 24.18 Ϯ 2.58; mean Ϯ SEM, P ϭ 0.1, t-test) and a larger increase for basal dendrites (from 21.05 Ϯ 2.05 to 34.53 Ϯ 2.29; mean Ϯ SEM, P Ͻ 0.001, t-test). For apical dendrites, the only significant increase for the number of branches occurs between ages P7 and P21 (P Ͻ 0.05, t-test). Despite the modest changes in branch points, we do observe large changes in the total apical dendritic length. Between P7 and P10, there is a significant increase in total apical dendritic length from 0.82 Ϯ 0.09 mm to 1.36 Ϯ 0.15 mm (mean Ϯ SEM, P Ͻ 0.001, t-test). There is also a significant increase between P10 and P14, with the apical dendritic length increasing to 2.14 Ϯ 0.27 mm (mean Ϯ SEM, P Ͻ 0.05, t-test). For basal dendritic branches of layer 2/3 pyramidal neurons, there are no significant increases in numbers of branch points after P10, but basal dendritic length continues to increase, with significant increases occurring between P7 and P10 (Table 1 ; P Ͻ 0.001, t-test) and between P10 and P14 (Table 1 ; P Ͻ 0.05, t-test) before leveling off.
For layer 5 pyramidal neurons, there was not a significant increase in the number of apical dendritic branches between P7 and P10. The only significant differences found for the number of apical dendritic branches was between P7 and both P14 and P21 (Table 2 ; P Ͻ 0.05, t-test). There was also no difference in the total apical dendritic length for all cells across all ages examined. For basal dendritic branches, we see significant increases between P7 and P14 (Table 2 ; P Ͻ 0.05, t-test), P7 and P21 (Table 2 ; P Ͻ 0.001, t-test), P10 and P21 (Table 2 ; P Ͻ 0.05, t-test), and P14 and P21 (Table 2 ; P Ͻ 0.05, t-test). We observe a significant increase for total basal dendritic length only between P14 and P21 (Table 2 ; P Ͻ 0.05, t-test).
Development of axonal laminar specificity
Layer 2/3 pyramidal neurons. The development of layer 2/3 pyramidal neurons has previously been described for cats, ferrets, and monkeys (Katz, 1991; Callaway, 1998b; Borrell and Callaway, 2002) . Layer 2/3 pyramidal neurons in these studies show a high degree of specificity at all time points, with axons arborizing within layer 2/3 and layer 5 and avoiding layer 4 and layer 6. In contrast, we identified two cell types in mice based on soma position (defined further below). For many layer 2/3 pyramids in mouse barrel cortex, we found the same general pattern of axonal arborization as in other species at all ages examined (Fig. 3 , type I cells), based on both the number of axonal branches (Fig. 7A ) and the axonal length measurements (Fig. 7B) . However, we also noticed a major difference that was not observed in the previous studies of other species. For some layer 2/3 pyramids in mice, there were many axonal branches and substantial axonal length found in layer 4 (Fig. 3 , type II cells).
Informal observations suggested that the layer 2/3 pyramids with axonal arbors in layer 4 were located close to the border between layer 2/3 and layer 4. We therefore examined this relationship quantitatively, plotting the percentage of axonal branches in layer 4 against the distance between the soma and the top of layer 4 (Fig. 8A) . We found that layer 2/3 pyramidal neurons located less than 60 m from the layer 4 border have increased axonal arbors in layer 4. In addition, we see a similar trend when we analyze the relationship between the percentage of dendritic length in layer 4 and the distance of the soma from the top of layer 4 (Fig. 8B ), but this trend becomes more pronounced at older ages, when cells have more extensive dendritic arbors. In comparing Figure 8A and B, it can be seen that cell body position correlates with axonal branching in layer 4 at all ages examined, whereas the correlation with dendritic length emerges only at later ages when more extensive dendrites have developed. Therefore, since cell position relative to the laminar border is less likely to change with age than dendritic complexity (Table 1) , we consider cell body position a better predictor of whether an immature layer 2/3 neuron is likely to have axonal and dendritic arbors in layer 4 later in development. We also examined whether there was a correlation with the two types of neurons and the underlying barrels and found none. Neurons from both groups were found above both barrels and septa.
We divided our data set, based on these scatterplots (Fig. 8) , into two types of layer 2/3 pyramidal neurons that we term type I and type II. Type I neurons have their cell body located at a distance greater than 60 m from the top of layer 4 and typically lack dendritic arbors in layer 4, regardless of age (Fig. 8B) . Type II neurons are those with the cell body located at a distance less than 60 m from the top of layer 4.
For the type I neurons, we observe the classic arborization pattern for layer 2/3 pyramidal neurons as described in previous studies on cats, ferrets, and primates; axonal arbors are confined almost exclusively to layers 2/3 and 5 (Fig. 9A,B) . This is illustrated in Figure 9A and B, which show that axonal branches occurring in layer 4 are rare and that only small amounts of axonal length are present in layer 4, primarily due to the descending axon crossing layer 4. This pattern is present from the earliest ages examined, with the percentage of axonal branches per layer staying consistent despite overall increases in branch number and length (Fig. 9E) . In contrast, the type II neurons have extensive axonal branches and considerable axonal length in layer 4 (Fig. 9C,D) . As seen with the type I neurons, the laminar arborization pattern is observed at all ages (Fig. 9C,D) . However, axonal branches and length in layer 4 reach a plateau at P10, and later branching and growth are predominantly in layers 2/3 and 5. As a result, the percentage of axonal branches in layer 4 decreases between P10 and P22 (Fig. 9F) . Differences in the morphology of the two types of cells are also readily apparent from the reconstructions illustrated in Figure 3 .
To assess the possibility of functional connections for the type II neurons within layer 4, we counted the number of synaptic boutons across 500 -600 m of axon in both layer 4 and layer 2/3 for three type II neurons at P21. We found no difference in density of synaptic boutons per length of axon between the two layers (3.80 Ϯ 0.36 m/ bouton in layer 2/3, 4.15 Ϯ 0.59 m/bouton in layer 4; mean Ϯ SD). The distribution of values varied among neurons, but the values across layers for the same neuron were similar, as previously described for other neurons (Yabuta and Callaway, 1998) . Thus the relative axonal lengths in each layer also provide a good quantitative description of relative numbers of synaptic boutons.
Layer 5 pyramidal neurons. We examined the development of layer 5 pyramidal cells, which we classified into three types. The first group is the tall-tufted layer 5 pyramidal neurons. These neurons are characterized by a large cell body and an apical dendrite that extends to layer 1, with a large dendritic tuft in layer 2/3 (Fig. 4, Table 2 ). The tall-tufted layer 5 neurons are known to be the subcortical projection neurons, projecting to targets such as the superior colliculus (Wise and Jones, 1977; Games and Winer, 1988; Hallman et al., 1988; Hubener and Bolz, 1988; Killackey et al., 1989; Hubener et al., 1990; Larkman and Mason, 1990; Tsiola et al., 2003) and are intrinsically bursting (Chagnac-Amitai et al., 1990; Mason and Larkman, 1990; Kim and Connors, 1993; Wang and McCormick, 1993) . The second group is the tall-simple layer 5 pyramidal neurons. These neurons are characterized by having a smaller, more elongated cell body than the talltufted neurons and an apical dendrite that extends to layer 1, with a simple tuft at the top of layer 2/3 (Fig. 5 , Table 2 ). Similar cells have been described previously (see Discussion; Chagnac-Amitai et al., 1990; Kim and Connors, 1993; Tsiola et al., 2003; Akemann et al., 2004) . We distinguish between the tall-tufted and the tall-simple layer 5 pyramidal neurons both qualitatively, based on their morphology, and quantitatively, based on total apical dendritic length. The tall-tufted layer 5 neurons have . We separated the neurons, based on these plots, into two groups according to the distance from the top of layer 4, neurons found at a distance of more than 60 m being termed type I neurons and neurons found at a distance of less than 60 m being termed type II neurons (see text). The cutoff points for the cell types are denoted by the black line in both graphs A and B.
greater apical dendritic length (range 3.4 -6.3 mm) than the tall-simple layer 5 neurons (range 1.5-3.3 mm) at all ages examined, with the values in the lower ranges occurring earlier in development (Fig. 10 ). There is a significant difference in total apical dendritic length between talltufted layer 5 neurons and both tall-simple (at all ages except P7; P Ͻ 0.05, t-test) and short layer 5 (P Ͻ 0.001, t-test) pyramidal neurons (described below).
The final group we examined is the short layer 5 pyramidal neurons. These neurons are characterized by smaller cell bodies and an apical dendrite that extends only partway into layer 2/3 (Fig. 6, Table 2 ). The short layer 5 pyramidal neurons include corticocortical projection neurons (Games and Winer, 1988; Hallman et al., 1988; Hubener and Bolz, 1988; Hubener et al., 1990; Larkman and Mason, 1990) . Previous work allows us to use the dendritic morphology at all the ages we examined to classify each cell type in the study. In rats, the dendrites of both tall-tufted and short layer 5 neurons start out with a common "tall" pyramidal morphology early in development, but the apical dendrites are later refined to the class-specific morphology observed in the adult (Koester and O'Leary, 1992) . In this study the adult, class-specific morphology is present by P10, whereas, at P7, many neurons show a transitional morphology. One difficulty that we had was identifying tallsimple neurons at P7; our data set had only one tallsimple neuron at this age. This leaves open the possibility that we were unable to distinguish clearly between talltufted and tall-simple pyramidal neurons at P7, but it is also clear that short layer 5 pyramidal neurons already show a clear difference in axonal arborization pattern (see below). At all later ages, we observed similar proportions of all three cell types (for complete descriptions of sample sizes see Materials and Methods and Table 2 ). With this difficulty we can describe the development of the tallsimple layer 5 pyramidal neurons only starting at P10.
We observed two basic axonal arborization patterns for the three cell types examined. For the tall-tufted layer 5 pyramidal neurons, the axonal arborization pattern is mostly in the deep layers, with little or no projection into the superficial layers (Figs. 4, 11A ). This basic pattern of arborizations is seen at all ages examined. In contrast, both the tall-simple (Figs. 5, 11B ) and short (Figs. 6, 11C ) layer 5 pyramidal neurons have a large superficial layer axonal projection in addition to the arborization found in the deep layers. As with the tall-tufted layer 5 pyramidal neurons, these laminar patterns are observed at all ages examined. The only exception is the tall-simple layer 5 pyramidal neurons at P7 (see Discussion). The separation of the groups and the differences in the extent of layer 2/3 axonal arborization can more clearly be seen in Figure 10 , where the total length of the apical dendrite is plotted versus the axonal length in layer 2/3.
The total numbers of axonal branches per cell in layer 2/3 are lower for tall-tufted layer 5 cells than for either tall-simple (P7, P ϭ 0.736; P10, P ϭ 0.001; P14, P ϭ 0.065; P21, P ϭ 0.001, t-test) or short layer 5 pyramids (P7, P ϭ 0.024; P10, P ϭ 0.077; P14, P ϭ 0.172; P21, P ϭ 0.031, t-test).
DISCUSSION
In this paper we have quantitatively described the normal development of layer-specific axonal arborizations for layer 2/3 and layer 5 pyramidal neurons in mice. We find that mice follow a developmental program similar to that previously described for other species, with the laminar specificity of each cell type developing correctly from the onset of development. However, we observe important differences between mice and previously described species.
We characterize a population of layer 2/3 pyramidal neurons at the border of layer 4 that have extensive axons within layer 4. Additionally, we show that layer 5 tall pyramids can be further divided into three distinct populations that differ in both their dendritic morphologies and the laminar specificity of their axonal arbors.
Layer 2/3 pyramidal neurons are of particular interest because of the high degree of axonal laminar specificity observed in cats and primates (Katz, 1991; Callaway, 1998a) . In cats, layer 2/3 pyramidal cells in primary visual cortex avoid having axonal arbors in layer 4, even when their close proximity to the layer 4 border precludes the formation of primary branches in layer 2/3 (Katz, 1991) . In ferrets, layer 2/3 pyramidal neurons in primary visual cortex also show a high degree of specificity at later developmental ages. An important difference observed in ferrets is that, at earlier developmental ages, layer 2/3 pyramidal neurons at all depths in the layer have small numbers of transient branches within layer 4. These branches are pruned at later ages to give the expected adult arborization pattern (Borrell and Callaway, 2002) . For mice we describe a striking difference from previously reported results; pyramidal neurons located just above the layer 4 border (type II neurons) have extensive axonal arborizations within layer 4, both in developing and in mature animals. The remaining neurons located farther from the layer 4 border (type I neurons) avoid growing axons in layer 4.
The observation of two types of layer 2/3 pyramidal neurons raises questions about the mechanisms responsible. We envision two possible scenarios, the first related to activity and dendritic length in layer 4 and the second related to molecular cues and laminar position of the cell body. Both laminar position and layer 4 dendritic length of layer 2/3 pyramidal neurons correlated with the presence of layer 4 axons.
For the mature type II layer 2/3 pyramidal neurons, we found that both soma position and dendritic length within layer 4 correlate with the axonal length within layer 4 (Fig. 8) . These relationships suggest a correlation-based, activity-dependent mechanism for maintenance of axons in layer 4. Because type II layer 2/3 pyramidal neurons with dendrites in layer 4 could receive direct thalamic Fig. 10 . Each layer 5 pyramidal neuron reconstructed in this study is plotted as a function of its total apical dendritic length against the axonal length in layer 2/3. From this plot, the separation of tall-simple and tall-tufted layer 5 pyramidal neurons can be seen, with the tall-tufted neurons having greater apical dendritic length and less axonal length in layer 2/3. The vertical line denotes the cutoff between the tall-tufted and tall-simple layer 5 neurons. Note that the y-axis is split for one short layer 5 neuron with a very long axon in layer 2/3. There is a significant difference in total apical dendritic length between tall-tufted layer 5 neurons and both tall-simple (at all ages except for P7; P Ͻ 0.05, t-test) and short (P Ͻ 0.001, t-test) layer 5 pyramidal neurons.
input, their activity might be better correlated with that of layer 4 pyramidal and spiny stellate neurons than with that of type I layer 2/3 pyramids, which lack axonal arborization in layer 4.
An alternative to activity-based mechanisms is that neurons located at the layer 3-4 border could have a unique molecular, genetic identity, as shown for neurons in other layers (Arimatsu and Ishida, 2002; Hevner et al., 2003; Voelker et al., 2004) . Previous studies strongly suggest that molecular cues are used by developing pyramidal neurons to establish their initial layer-specific axonal arbors Castellani and Bolz, 1997; Castellani et al., 1998; Dantzker and Callaway, 1998; Butler et al., 2001; Borrell and Callaway, 2002) . A distinct neuronal class would respond differently to cues found within layer 4 and arborize within this layer where growth of axons from other layer 2/3 pyramidal neurons is excluded. In considering possible mechanisms for species differences in the development of layer 2/3 pyramidal neurons, differences in the timing of cortical development might be important. In mice, neurogenesis (Angevine and Sidman, 1961; Polleux et al., 1997; Takahashi et al., 1999; Levers et al., 2001 ) occurs over a much shorter period than in ferrets, cats, or monkeys (Rakic, 1974; Luskin and Shatz, 1985; Jackson et al., 1989 ; approximately 1 week vs. 4 -8 weeks). With the compressed time frame in which neurogenesis occurs in mice, neurons that are born at the same time can occupy more than one cortical layer (Takahashi et al., 1999) . Thus, neurons at the layer 3-4 border might be born at the same time as layer 4 neurons and therefore share some of their characteristics. It should be noted however, that the axonal arbors of type II layer 2/3 pyramidal neurons are distinctly different from those of both layer 4 neurons and type I layer 2/3 pyramidal neurons. Layer 4 neurons have more extensive axonal arbors in layer 4 than in layer 2/3 Bender et al., 2003) , whereas our type II layer 2/3 pyramidal neurons average twice as many axons in layer 2/3 vs. layer 4 (Fig. 9) .
Interestingly, we observed that type II layer 2/3 pyramids reach peak levels of axonal branching and growth in layer 4 by P10 (Fig. 9) , whereas growth in other layers continues after P10. This raises the possibility that either the molecular environment in layer 4 changes at P10 or the maturation of type II layer 2/3 neurons allows them to alter their response to these cues. Insofar as type I neurons avoid layer 4 from the outset, there are apparently sufficient cues present at P7 for these cells to avoid axonal growth in layer 4, suggesting more subtle interactions between multiple developmentally regulated mechanisms leading to the observed differences among the cell types.
The functional importance of connections in layer 4 that come from type II layer 2/3 pyramidal neurons is unclear. One possibility is that these synapses are formed preferentially onto apical dendrites of deep layer pyramidal neurons and thus do not contribute to any basic change in connectivity among the various cell types relative to other species. We think it is more likely, however, that some of the connections are made with layer 4 neurons. Whether this reflects a different mode of information processing in mouse depends in turn on the functional properties of the type II layer 2/3 neurons and their sources of input, which remain unknown.
The development of layer 5 pyramidal neurons has also been described previously for several species. For ferrets and primates, the layer-specific development of the local axonal arborizations has been described (Callaway, 1998b; Butler et al., 2001) . In rodents, however, there have been multiple studies on the development of dendrites (Miller, 1981 (Miller, , 1986 Miller and Peters, 1981; Koester and O'Leary, 1992; Kasper et al., 1994; Zhang, 2004) of layer 5 neurons and extrinsic projections (O'Leary and Terashima, 1988; O'Leary and Stanfield, 1989; Heffner et al., 1990; Koester and O'Leary, 1993) , but not on local axonal laminar specificity.
Multiple cell types have been described for layer 5 based on physiology, morphology, and extrinsic axonal projections. We examined the development of three pyramidal cell types previously described. Previous studies have not, however, correlated dendritic morphology with axonal laminar specificity for each cell type. The first cell type is the tall-tufted layer 5 pyramidal neuron. These neurons are characterized by a large cell body, an apical dendrite that extends to layer 1, and a large dendritic tuft in layer 2/3. The tall-tufted layer 5 neurons are known to be the subcortical projection neurons, projecting to targets such as the superior colliculus (Games and Winer, 1988; Hallman et al., 1988; Hubener and Bolz, 1988; Hubener et al., 1990; Larkman and Mason, 1990; Tsiola et al., 2003) . The tall-tufted layer 5 neurons are also known to be intrinsically bursting (Chagnac-Amitai et al., 1990; Mason and Larkman, 1990; Kim and Connors, 1993; Wang and McCormick, 1993 ). The second cell type is the tall, simpletufted layer 5 pyramidal neuron. These neurons are characterized by having a smaller, elongated cell body than the tall-tufted neurons, an apical dendrite that extends to layer 1, and a simple tuft at the top of layer 2/3. This cell type was identified by using principle component analysis and cluster analysis of dendritic morphology to find morphological classifications of layer 5 neurons (Tsiola et al., 2003) . These neurons were in the same larger cluster of tall layer 5 neurons but were different from the tall-tufted in both the extent of the tuft found in at the top of layer 2/3 and the thickness and extent of apical dendritic branches. We show here that these neurons are also distinguished from tall-tufted layer 5 pyramidal neurons in their total apical dendritic length (Fig. 10) . Several other studies mention cell types that have morphological features similar to those of our tall-simple class, but these cells were identified based primarily on their intrinsic firing properties rather than on morphology (Chagnac-Amitai et al., 1990; Kim and Connors, 1993) ; they are "regular spiking." Similar cells were also described in a transgenic mouse line expressing YFP under control of the Kv3.1 promoter (Akemann et al., 2004) . The YFP-positive cells appear similar to our tall-simple layer 5 pyramidal neurons and were shown to project to other cortical areas. The final cell type we examined was the short layer 5 pyramidal neuron. These neurons are characterized by smaller cell bodies and an apical dendrite that extends only partway into layer 2/3. The short layer 5 pyramidal neurons are the corticocortical projection neurons (Games and Winer, 1988; Hallman et al., 1988; Hubener and Bolz, 1988; Hubener et al., 1990; Larkman and Mason, 1990) .
We find that each of the three pyramidal cell types described has a unique pattern of axonal and dendritic arborization. The tall-tufted layer 5 pyramidal neurons have axonal arbors mainly in the deep layers and the greatest apical dendritic length (Figs. 10, 11) . The tallsimple and short layer 5 pyramidal neurons have large superficial layer axonal arbors in addition to the axons located in the deep layers (Figs. 10, 11 ) but differ in their apical dendritic morphology, as described above. The difference in axonal arborizations between the talltufted and short layer 5 neurons that we described has also been previously reported in a comparison of bursting vs. regular spiking neurons (Chagnac-Amitai et al., 1990) . In that study, the bursting neurons in layer 5, which are the tall-tufted neurons, have axons only within the deep layers, whereas the regular spiking neurons, which include both the short and the tallsimple neurons, have axons in the superficial layers as well as the deep layers.
Thus, we distinguish three cell types, whereas previous anatomical studies usually group together tall-tufted and tall-simple, and previous studies separating neurons based on intrinsic firing probably grouped together tall-simple with short layer 5 pyramidal neurons. These three neuron types clearly differ, however, in both the extent of the apical dendritic arborization and the laminar axonal arborization pattern. These observations could explain some confusion in previous descriptions of the axonal arborization pattern for the tall-tufted neurons in the adult.
CONCLUSIONS
It is of general importance that the normal developmental sequence of specific processes be defined in mice. As more laboratories are turning to the use of transgenic mice in their research, understanding the similarities and differences between mice and other model systems is becoming more important. In the case of development of laminar-specific axonal arborizations, we have found similarities to other species as well as differences. Our observations also clarify the adult organization of axonal laminar specificity for layer 2/3 and layer 5 pyramidal neurons in mouse barrel cortex.
